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bstract
In this work, an empirical correlation is proposed to describe kLa as a function of operating conditions (agitation and aeration rates) and of oil and
urfactant volumetric fractions in a biotransformation medium, an oil-in-water dispersion. An interaction effect between the oil and the surfactant
ffects was found, since oil presence increased kLa in the absence of the surfactant but had an opposite effect when Tween 80 was available in the
edium. The biotransformation of methyl ricinoleate (MR) into -decalactone (an aroma compound of industrial interest), by the yeast Yarrowiaipolytica, was carried out at different conditions of operation, to evaluate the influence of kLa on the production of the aroma. It was demonstrated
hat kLa had an influence on the aroma production; however, for the low hydrophobic substrate concentration used (1.08% v/v) and cellular density
f 2.0 × 107 cells mL−1, a minimal kLa value of 70 h−1 was necessary to attain the maximal aroma production.
2007 Elsevier B.V. All rights reserved.
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. Introduction
In microbial cultivation processes, particularly on high-cell-
ensity cultures, productivity is often limited by the transport of
substrate, of which oxygen is one example. Oxygen transfer
ate (OTR) depends on the fluid physical properties, temperature,
ressure, solution composition, agitation, oxygen superficial gas
elocity and the configuration of the reactor [1]. OTR in a sys-
em is a function of the volumetric mass transfer coefficient,
La, and the oxygen solubility in the medium. For a specific
ioreactor and medium, it is possible to increase kLa and, conse-
uently, OTR, using high agitation and aeration rates. However,
his causes high power consumption, significantly increasing
peration costs. High stirring rates also present a limitation when
pplied to cells sensitive to hydrodynamic stress. The addition
f a second, water-immiscible phase, in which oxygen has a
igher solubility, has been proposed by several authors as an
lternative mean of OTR improvement. Most of the experiments
escribed in the literature were carried out using a hydrocarbon
∗ Corresponding author. Tel.: +351 253 604 413; fax: +351 253 678 986.
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r a perfluorocarbon (PFC) as an inert dispersed phase in the
queous medium. The effects of adding a second liquid organic
hase on kLa may change, and it was shown that kLa values may
ncrease, decrease, or remain constant, depending on the nature
f the organic compound and the operating conditions [2–14].
In order to take into account the effect of the organic phase on
La, empirical correlations (Eq. (1)) have been proposed, assum-
ng that the two liquid phases behave as a single homogeneous
hase [15].
La = δ
(
Pg
V
)α
(vs)β(1 − XORG)γ (1)
here Pg represents the power input of the aerated bioreactor,
the bioreactor working volume, vs the superficial gas velocity
hrough the bioreactor, XORG the fraction of the total bioreactor
orking volume that is in the organic phase, and δ, α, β and γ
re numerical constants.
Prediction of kLa in oil-in-water emulsions is of great impor-ance due to the numerous biotechnological processes based on
he development of microorganisms within a biphasic media.
One example of a gas–liquid–liquid system is the medium
sed in the biotransformation of methyl ricinoleate (MR)
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Nomenclature
a specific interfacial area (m−1)
c constant, dependent on the impeller used
Di impeller diameter (cm)
Dt bioreactor vessel diameter (cm)
Fg volumetric gas flow (m3 s−1)
hi impeller height rate (cm)
ht bioreactor vessel height (cm)
kL liquid side mass transfer coefficient (m s−1)
kLa oxygen volumetric mass transfer coefficient (h−1)
KT constant dependent on the impeller used
N agitation rate (rps)
Np power number
NRe Reynolds number
OD optical density
OTR oxygen transfer rate (g L−1 h−1)
Pg power input to the aerated system (W)
P ′g power input to the non-aerated system (W)
rpm rotations per minute
t time (h)
V volume (m3)
vs superficial gas velocity (m s−1)
XORG organic fraction (L L−1)
XMR MR fraction (L L−1)
XTween Tween fraction (L L−1)
Greek letters
α, β, δ, γ , φ nonlinear model parameters to be fitted
ρ density (kg m3)
ν viscosity (kg m−1 s−1)
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2.1.4. Modellingτ probe time response (s−1)
nto -decalactone, a fruity and creamy aroma compound,
here the organic phase is the substrate used by the cells
nd not an inert compound used with the only purpose of
ncreasing OTR. The biotransformation can be carried out
y the yeast Yarrowia lipolytica that is strictly aerobic and
ne of the most studied “non-conventional” yeast species.
eyond its interest for fundamental research due to many
pecificities, this yeast is also interesting for biotechnological
pplications, since it is able to produce several metabolites
n large amounts (i.e. organic acids, extracellular proteins,
tc.) [16,17]. Y. lipolytica is able to transform MR into
-decalactone, resulting from the peroxisomal -oxidation
f ricinoleic acid [18,19]. Oxygen is an intervening factor
n the metabolic pathway involved in this biotransformation,
articipating in the reactions of production and re-consumption
f the aroma. Therefore, evaluation of the impact of biphasic
edium oxygenation has a great interest in order to optimise the
ioprocess.
The aim of this work is to investigate the effect of k a onL
he production of -decalactone from MR. Firstly, an analysis
f the effects of operating conditions (agitation and aeration
ates), in a stirred tank fermenter, and the medium composition
f
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organic and surfactant volumetric fractions) on kLa was per-
ormed and described by an empirical correlation. Lately, based
n the predicted kLa values, the kLa effect on the production of
-decalactone was studied.
. Experimental techniques
.1. Oxygen mass transfer
.1.1. Bioreactor
A total working volume of 1.7 L was used in a 2 L bioreactor
Biolab, B. BRAUN; ht = 21 cm,Dt = 11 cm). The two-phase liq-
id dispersion was agitated with two six-blade turbine impellers
hi = 1.5 cm, Di = 5.7 cm). Agitation rates of 300, 400, 500 and
00 rpm were used, and the aeration rates were 0.3, 0.6 and
.9 vvm. Air was supplied to the bioreactor with a sparger
ocated at the base of the agitator shaft.
.1.2. Media composition
The organic phase consisted of 10 g L−1 (1.08% v/v) MR
Ste´arinerie Dubois, Boulogne, France). The aqueous phase of
he medium was composed of 2.5 g L−1 NH4Cl, 6.7 g L−1 yeast
itrogen base (YNB) and 0.1 M phosphate buffer (pH = 7).
ne gram per liter (0.093% v/v) Tween 80 was used as
urfactant. For kLa studies, MR volumetric fractions of 0,
.27, 0.54 and 1.08% and Tween 80 volumetric fractions of
, 0.023, 0.047 and 0.093% were used. In the biotransfor-
ation experiments, the maximum concentration of MR and
ween 80 was used, since these were conditions previously
ound as optimum for the aroma production in shake flasks
19].
.1.3. Experimental procedure
For the experimental kLa determination, the static gassing-
ut technique was used [20]. Dissolved oxygen concentration
as measured with a polarographic-membrane probe (12/220 T,
ettler Toledo) and monitored with a computer interface (CIO-
AS08JR, Computer Boards, EUA) at 5 s intervals using the
oftware LABtech Notebook, Datalab Solution. To estimate the
robe response time (τ), it was used the method that describes the
esponse of the probe to a step in dissolved oxygen concentration
y a first-order system [20]. The obtained τ value of 7 s at 27 ◦C
as used to correct kLa values.
Between runs, the bioreactor was de-aerated by sparging with
ompressed N2 until only minimum levels of dissolved oxygen
emain (≈0% saturation). At this point, air was diffused into the
ioreactor until saturation and dissolved oxygen concentration
as monitored through time, as shown in Fig. 1. All experiments
ere carried out at 27 ◦C, and at each medium composition,
easurements of kLa were performed at all stirring and aeration
ates mentioned above.Data fitting to empirical equations based on Eq. (1) were per-
ormed by least-squares non-linear regression using the Solver
ool of Microsoft Excel 2003 software.
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0ig. 1. Time course of dissolved oxygen concentration during kLa determination
y gassing-out method at 400 rpm and 0.6 vvm.
.2. Biotransformation
.2.1. Strains, media and culture conditions
Y. lipolytica W29 (ATCC20460; CLIB89) was cultured for
8 h on malt extract agar (50 g L−1) at 27 ◦C and used to
noculate (to an optical density at 600 nm (OD600) of 0.25) a
00 mL Erlenmeyer flask containing 200 mL of a pH 5.6 glu-
ose medium containing per litre: 15 g L−1 glucose, 2.5 g L−1
H4Cl, 2.1 g L−1 KH2PO4, 3.6 g L−1 Na2HPO4, 0.2 g L−1
gSO4·7H2O, 0.1 g L−1 NaCl, 0.005 g L−1 FeSO4, 0.001 g L−1
uSO4, 5 × 10−4 g L−1 ZnCl2 and 0.1 g L−1 yeast extract.
lasks were shaken at 140 rpm and 27 ◦C for 19 h until the
ultures reached the late logarithmic growth phase. Cells were
hen washed (6000 × g, 5 min) three times in sterile water and
ransferred to the biotransformation medium at OD600 of 1.2,
ontaining a MR fraction of 1.08% (v/v) and a Tween 80 fraction
f 0.093% (v/v).
In order to study the effect of kLa values on the produc-
ion of -decalactone, several experiments were carried out
y changing agitation and aeration rates, keeping the oil frac-
ion unchanged (initial concentration of 1.08%), as well as the
ween 80 volumetric fraction (0.093%). kLa was assessed dur-
ng the biotransformation by the dynamic method. Aeration was
topped until dissolved oxygen concentration decreased to a
inimum level of 1.5-fold the critical value (15% saturation),
ollowed by re-aeration..2.2. Extraction and analyses
For the quantification of -decalactone, 2 mL medium sam-
les were removed and extracted with 2 mL diethyl ether by
0 gentle shakings after addition of -undecalactone as inter-
f
P
P
able 1
orrelations obtained for different operating conditions (agitation and aeration rates)
olumetric organic fraction (%) Volumetric surfactant fraction (%)
0
, 0.27, 0.54, 1.08 0
0, 0.023, 0.047, 0.093
, 0.27, 0.54, 1.08 0, 0.023, 0.047, 0.093ring Journal 35 (2007) 380–386
al standard. After 2 min, the ether phase was analysed by gas
hromatography (CP 9001, CHROMPACK) with a TRWAX
apillary column (30 m × 0.32 mm × 0.25m) with He as a car-
ier gas. The temperatures of the split injector and the detector
ere set to 250 and 300 ◦C, respectively. The oven tempera-
ure was programmed to increase from 60 to 145 ◦C at a rate of
◦C min−1 and then to 180 ◦C at a rate of 2 ◦C min−1.
. Results and discussion
.1. Effect of the biphasic medium on kLa values
To evaluate the effect of biotransformation medium (bipha-
ic) on kLa values, several experiments were carried out,
hanging agitation and aeration rates, as well as its composition
n oil (MR) and surfactant (Tween 80).
The effects of agitation and aeration rates on kLa were
easured in the aqueous media without any organic fraction
Fig. 2A). This set of experiments was used as a control and
as repeated adding to the medium different concentrations of
il (volumetric fractions of 0, 0.27, 0.54 and 1.08%) and sur-
actant (volumetric fractions of 0, 0.023, 0.047 and 0.093%). In
ig. 2B–D, some examples of the determinations performed in
he medium without cells are presented.
Data were fitted to empirical correlations based on Eq. (1),
o predict kLa values as a function of operating conditions and
rganic and surfactant phase content (Table 1).
To calculate the power input to the aerated system (Pg),
eynolds number (NRe) was determined by Eq. (6) and power
umber (Np) by Eq. (7).
Re = D
2
i × N × ρ
ν
(6)
p = Pg
ρ × N3 × D5i
(7)
here ρ represents the liquid density, N the agitation rate and
i the impeller diameter.
According to Cheremisinoff and Gupta [21], since the flow
f the system is turbulent (19070 < NRe < 38141), Np is not a
unction of NRe when the vessel is fully baffled. Consequently,
g without aeration (P ′g) can be determined by Eq. (8).
′
g = KT × D5i × N3 × ρ (8)
and media compositions (organic and surfactant fractions)
Equations
kLa = 1245
(
Pg
V
)0.4
(vs)0.8 (2)
kLa = 371
(
Pg
V
)0.6
(vs)0.8(1 − XRM)−22 (3)
kLa = 469
(
Pg
V
)0.4
(vs)0.7(1 − XTween)−449 (4)
kLa = 243
(
Pg
V
)0.6
(vs)0.6(1 − XRM)3(1 − XTween)−141 (5)
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D) 1.08%, 0.093%.
here KT (equal to 6.3) is a constant dependent on the impeller
sed.
Finally, to determine Pg in an aerated system, Eq. (9) was
sed.
g = c ×
(
P ′g × N × D3i
F0.56g
)0.45
(9)
here c (equal to 0.15) is a constant dependent on the impeller
sed and Fg is the volumetric gas flow rate.
Numerical values of Pg and vs are listed in Table 2.
According to Eq. (2), it can be seen that results obtained in
he present work in a medium without oil and surfactant show
hat kLa dependence is higher on aeration rate than on agitation
ate. Moo-Young and Blanch [22] suggested values of 0.7 and
.3 for the parameters α and β, respectively, for non-coalescent
edia and of 0.4 and 0.5, respectively, for coalescent media,
or a stirred reactor with a six flat-bladed disk turbine. Thus,
his indicates that the medium used in this work, without oil or
urfactant fractions, has a coalescent behaviour.
able 2
ower input (Pg) and gas superficial velocity (vs) for operating conditions used
or the determination of kLa correlations
eration rate
vvm)
vs (m s−1) Pg (W)
300 rpma 400 rpma 500 rpma 600 rpma
.3 8.77 × 10−4 0.064 0.157 0.317 0.564
.6 1.75 × 10−3 0.053 0.132 0.267 0.473
.9 2.63 × 10−3 0.048 0.119 0.241 0.427
a Agitation rate.
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6t fractions, respectively, of (A) 0%, 0%; (B) 1.08%, 0%; (C) 0%, 0.093%; and
In two-liquid phase systems, in which the organic phase is
ispersed in the aqueous phase, the effect of the organic com-
ound on kLa can be taken into account by Eq. (1), assuming
he equilibrium of dissolved oxygen between the aqueous con-
inuous phase and the organic dispersed phase. This assumption
s valid since, at all agitation rates, Reynolds numbers suggest
hat the system is in the turbulent flow regime. Eq. (3) shows the
esult obtained by fitting data with organic phase concentrations
f 0, 0.54 and 1.08% (XORG equal to 0, 0.0054 and 0.0108) in the
bsence of surfactant (data from Fig. 2A and B and equivalent
ata to 0.54%, not shown).
From Eq. (3), it can be seen that the presence of the organic
raction in the absence of surfactant improves kLa, particularly at
igh stirring rates. This effect has been attributed to the decrease
f bubble diameter and consequently gas hold-up increase due
o the oil addition [23], which consequently increases the inter-
acial area for the gas–liquid mass transfer. Previous work [9]
uggests that interfacial properties of the organic phase have
ore influence in the behaviour of gas–liquid–liquid systems
han the hydrodynamic effects, since Pg can be assumed inde-
endent of oil fraction. Addition of MR in the system also led
o an increase in the kLa dependence on agitation. This is in
ccordance with the fact that agitation rate is a very important
actor to increase the organic phase dispersion in the aqueous
hase, improving gas–liquid mass transfer [24].
The enhancement of oxygen mass transfer in fermentations
ontaining an immiscible liquid phase is an effect previously
eported by other authors for different systems [2–14]. However,
sing the empirical correlation represented by Eq. (1), values of
50, 0.3, 0.7 and 1.7 were obtained by Nielsen et al. [15] for
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he parameters δ, α, β and γ , respectively, which means that for
he system referred, kLa values were also more dependent on
eration than on agitation, but the presence of the organic phase
ecreased kLa values. This difference can be justified by the use
f different organic phases in both works: while oil is MR in this
ork, n-hexadecane was used in the mentioned work. Another
ifference that should be taken into account is the organic phase
ontent tested. In this work, very small fractions were tested:
, 0.27, 0.54 and 1.08%, while Nielsen et al. [15] used organic
raction values up to 33%.
In order to analyse the surfactant influence on kLa values, in
he absence of the immiscible organic phase, Eq. (1) was fitted
o data obtained with medium without oil and with surfactant
olumetric fractions from 0 to 0.093% (data from Fig. 2A–C and
quivalent data for 0.023% and 0.047% of surfactant, figures not
hown). In Eq. (1), XORG was replaced by XTween, which is the
olumetric fraction of Tween 80 in the total bioreactor working
olume. The magnitude of the  parameter obtained in this case
Eq. (4)) indicates that small amounts of Tween 80 strongly
ncrease kLa values. The effect of surfactants on oxygen mass
ransfer in aqueous systems with a single liquid phase has been
sually reported as negative [25–28], as a result of the balance
n the two competitive effects of surfactants: the increase in the
esistance to oxygen transfer (kL decrease) and the increase in
he specific interfacial area (a) [28].
For the conditions used in the present work, the influence of
ween 80 in the decrease of air bubble size was probably more
ignificant than the influence on the interfacial properties (e.g.
igidity).
Based on Eq. (1), a generalized correlation is proposed, tak-
ng into account the presence of both fractions in the medium
organic and surfactant); however, discriminating their effects
Eq. (5)).
This correlation was obtained by fitting the model to all exper-
mental data with different organic and surfactant fractions (0,
.54 and 1.08% of MR and 0%, 0.023, 0.047 and 0.093% of
ween 80) and at all the aeration and stirring rates used. In Fig. 3,
redicted versus experimental results are shown with a line slope
lose to 1, which indicates a good approximation between real
La values and the values calculated by the correlation.
ig. 3. Predicted versus experimental kLa values using Eq. (3) with estimated
arameters.
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The relation between the kLa values predicted by the cor-
elations and the experimental values presents a dispersion
ommonly found in this type of fitting [15], which is reflected
n the low value of the correlation coefficient, R2.
For the highest fractions of Tween 80 and MR tested, which
orrespond to the biotransformation medium composition usu-
lly used [29], kLa values are smaller than those observed with
maller fractions, as it can be seen in Fig. 2A and D. In fact, there
s an interaction of MR and Tween 80 effects, since, according
o Eq. (5), the increase in the MR fraction has a negative effect
n kLa, which is opposite to the effect observed without sur-
actant in the medium. This fact can be attributed to the high
mpact of surfactant on the air/aqueous phase interface, since
here is still surfactant in the aqueous phase, which is the largest
hase in the system, in spite of the fact that most of the sur-
actant is at the oil surface. The positive effect of oil can be
vercome by the surfactant effect. Nevertheless, as stressed by
ielsen et al. [15], even when oil presence in the medium has
negative impact on kLa, the global effect on OTR is gener-
lly positive due to the increase in the driving force for mass
ransfer, by high oxygen affinity hydrophobic compounds, such
s MR.
.2. Production of γ-decalactone
The correlation obtained enables the prediction of kLa as a
unction of operating conditions. In order to analyse the effect of
La on-decalactone production, only aeration and stirring rates
ere manipulated to obtain different values of the coefficient.
ince the change of MR and Tween 80 will also interfere with
he biological reaction and results would be difficult to analyse,
he volumetric fractions of these compounds were kept constant
n the biotransformation process.
After the growth phase, cells were transferred to the bio-
ransformation medium to produce -decalactone through MR
iotransformation.
In Fig. 4, the time course of dissolved oxygen concentration
n the biotransformation medium and -decalactone production
t two different operating conditions is presented.
It is possible to see in Fig. 4 that, using low agitation and aer-
tion rates, a complete depletion of dissolved oxygen occurred
n the medium. On the contrary, using high agitation and aer-
tion rates, dissolved oxygen concentration was above 70% of
aturation during the whole experiment.
It can be observed that the maximal-decalactone production
s obtained at 10 h, and after this time, its concentration decreases
ntil complete disappearance due to its degradation by the
east.
Comparing the maximal production of -decalactone in both
ases presented, 78 and 110 mg L−1 for experiments A and B,
espectively, it seems that operating conditions responsible for
igher kLa values enhance -decalactone production..3. Effect of kLa values in the production of γ-decalactone
The influence of kLa on the production of -decalactone
as studied in biotransformations with different operating
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Fig. 4. Time course of dissolved oxygen concentration and -decalactone () production at different agitation and aeration rates: (A) 300 rpm and 0.3 vvm, and (B)
600 rpm and 0.9 vvm.
Table 3
kLa values at different operating conditions
Experiment
1 2 3 4 5 6 7
Agitation rate (rpm) 300 300 400 400 600 600 600
Aeration rate (vvm) 0.3 0.6 0.3 0.6 0.6 0.9 1.8
kLa without cells (h−1)a 26 34 41 54 104 123 162
k −1 b ± 4.9
c
k
d
p
2
a
t
c
d
g
t
i
p
i
F
c
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2
1
u
t
H
i
a
t
t
v
iLa with cells (h ) 26 ± 2.6 32 ± 3.2 49
a Predicted by correlation of Eq. (5).
b Data are average values ± 95% confidence interval.
onditions (Table 3) selected according to the established
La correlation. kLa in the biotransformation process was
etermined at 9 h, close to the time at which the maximum
roduction of -decalactone is generally obtained.
The presence of cells (average concentration of
.0 × 107 cells mL−1) in the medium did not significantly
ffect kLa, probably due to the low cell density used or maybe
here was a balance between the possible negative effects of
ells as particle solids [30] and the possible positive effects
ue to oxygen consumption by the cells accumulated at the
as–liquid interface [31].
The maximum production of -decalactone obtained for bio-
ransformations under different operating conditions is shown
n Fig. 5.
Productions of -decalactone were weaker than the values
reviously reported [19] using 500 mL baffled flasks contain-
ng 200 mL of biotransformation medium, under an agitation
ig. 5. Production of -decalactone under different kLa values. Bars are 95%
onfidence interval.
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l70 ± 7 102 ± 10.2 125 ± 12.5 151 ± 15.1
ate of 140 rpm. For those conditions, productions between
50 and 300 mg L−1 were achieved with a cell density of
.0 × 108 cells mL−1. This difference may be justified by the
se of different cell concentrations of the inoculum, which shows
hat cell concentration is also an important factor in the process.
owever, the specific production of aroma was two-fold higher
n the bioreactor than in the flasks.
Results (Fig. 5) show that the production of -decalactone is
ffected by kLa (variance analysis, P = 0.05). Moreover, it seems
hat a minimum value of kLa of 70 h−1 is required to attain
he maximum production at the operating conditions used. This
alue is in-between the all range of kLa values tested in the exper-
ments and seems to be sufficient for a maximal -decalactone
roduction, based on the existing biomass and the amount of
ubstrate to degrade. Besides the oxygen transfer effects, by
sing lower agitation rates, the production process can be less
fficient, probably due to the achievement of an emulsion with a
maller interfacial surface (composed of bigger droplets). On the
ther hand, the use of higher agitation rates may cause metabolic
lterations and hydrodynamic stress on cells, which can lead to
hanges in their morphology, metabolism and viability. How-
ver, typical dimorphic forms of the yeast were observed in
he bioreactor, and cell viability was monitored without any
etectable decrease with increase in the agitation (from 300 to
00 rpm). Thus, it is quite safe to state that at the overall operat-
ng conditions used in this work, there was no influence of kLa
n the aroma production above the minimal value of 70 h−1. In
act, the differences of aroma maximal production attained at
igh kLa values are not statistically significant due to experi-
ental error (t-test, P > 0.1). Moreover, the use of intermediate
gitation rates, in contrast to higher rates, has the advantage of
imiting the energetic costs of the process.
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. Conclusions
An empirical correlation to predict kLa values as a function
f operating conditions (agitation and aeration rates) and of oil
nd surfactant fractions in a biphasic medium was established,
nd the effects of oil and surfactant discriminated.
The presence of oil or surfactant, in the medium, increases
he overall kLa value of the system, but the effect of oil, which
s the biotransformation substrate, is opposite when the medium
ontains surfactant.
kLa affects the production of-decalactone: a maximal aroma
ompound production (141 ± 21 mg L−1) was achieved for a kLa
f 70 h−1, obtained at agitation and aeration rates of 400 rpm and
.6 vvm, respectively.
This work showed that kLa is an important factor to -
ecalactone production. Thus, the correlation for kLa prediction,
erein proposed, could be very useful for further work on the
evelopment of strategies for the optimisation and scale-up of
his process. Future work will be focused in the validation of the
La correlation at higher amounts of MR added to the medium.
he impact of the use of oil as substrate and oxygen carrier on
he bioprocess will be analysed, as well as the possibility of
educing/eliminating the need of surfactant addition.
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